Abstract Effects of phospholipase C (PLC) on factors involved in smooth muscle contraction were investigated in longitudinal muscle of the guinea pig antrum. This agent irreversibly reduced spontaneous contraction and action potentials; partially after 30 min and, sometimes , completely after 60 min of exposure to PLC. The membrane depolarized about 8 mV from the control level in 30 min and 16 mV in 60 min. ACh-and KC1-induced contracture were inhibited in an external Ca2+ concentration range from zero to three times normal. The phasic component of KC1-induced contracture was abolished occasionally in normal Ca2+ concentration, and frequently in Ca2+ -free solution. Ca-uptake by antrum tissue, which was the same for control, ACh-, and KC1-induced contracture before PLC treatment, was not statistically different in PLCtreated control, but the value decreased during ACh-induced, and increased during KCl-induced contracture after PLC treatment. The contents of phosphatidylcholine and phosphatidylethanolamine were reduced slightly after PLC treatment, but this reduction was statistically significant. Substantial damage and modification of physical characteristics appeared in electron micrographs of PLC-treated preparations . From the results it was concluded that changes in Ca2+ transport and membrane structural damage both contribute to inhibition of smooth muscle activity by PLC.
In addition to their function as the principal structural component of cell membranes (ROBERTSON, 1960; SINGER and NICOLSON, 1972) , phospholipids also contribute to ion exchange (TomAs, 1964; GOLDMAN, 1965) , and enzyme functions (MARToNosi et al., 1968; VESSEY and ZAKIM, 1971) in membranes.
Phospholipase C (PLC) effectively inhibits the ionic transport responsible for the generation of action potentials in skeletal muscle and nerves (TomAs, 1958; ALBUQUERQUE and THESLEFF, 1967) . It was suggested that the PLC effect on inhibition of the ionic transport is through its action on the hydrophilic heads of certain membrane phospholipids, but the actual mechanism is not yet clear . Corporation as 45CaCl2 in 0.5 M HCl. For electron microscopy, tissue was fixed in glutaraldehyde (2 .5 %), postfixed in osmium tetroxide (1 %), embedded in epon , and 800-1,500 A sections were prepared with a glass knife. Sections were stained with uranyl acetate (2 %) and lead citrate (Reynolds solution), and photographed in an electron microscope (Hitachi HS-9). Since phosphatidylcholine (PC) is the first substrate hydrolyzed by PLC, the effect of adding PC after PLC treatment was observed. Addition of PC did not restore activity after it was suppressed by PLC (n=4).
RESULTS

Effects
Effects of PLC on membrane potentials
The effects of PLC on membrane resting potential and action potential were investigated. Figure 3 shows the variations produced in the membrane potentials of guinea pig stomach by PLC. Table 2 summarizes the results of intracellular measurement by glass microelectrode. The resting membrane potential was -59.3 mV in the control. This value was almost the same as that observed by KURIYAMA et al. (1970) . Spontaneous discharges appeared as repetitive spike discharges superimposed on a slow potential. The slow potential amplitude was usually constant for a given cell, but the slow potential duration ranged between 7 and 12 sec from one cell to another. The amplitude of the spike discharge varied from a few millivolts to as much as 45 mV within one cell (Fig. 3) . Action potentials with overshoot were observed in the control, but the overshoot was absent after PLC treatment.
After 30 min of PLC treatment, spike amplitude was greatly diminished, but the amplitude of the slow potential was only slightly reduced as shown Fig.  3 -B. After 60 min treatment, both spike and slow potential almost disappeared, in this example (Fig. 3-C) . Resting membrane depolarized about 8 mV (14 %) from the control value after 30 min and about 16 mV (26 %) after 60 min treatment. The amplitude of the slow potential decreased in about the same proportions, 13 % and 30 %, respectively. The amplitude of the spike potential was inhibited 45 % after 30 min, and 68 % after 60 min treatment. The frequency of the spike potential was inhibited 30 % after 30 min and 42 % after 60 min of PLC treatment. The frequency of the slow potential increased 6 % after 30 min and 17 % after 60 min of PLC treatment (Table 2) . Effects of PLC on ACh-, KCl-induced contracture Figure 4 shows the inhibitory effects of PLC on ACh-, and KCl-induced contracture produced by 5 min applications of ACh or KCl. Both chemicals induced phasic contracture followed by tonic contracture in the longitudinal muscle of the guinea pig stomach.
After PLC treatment, both the phasic and tonic components were suppressed. The phasic component of KCl-induced contracture, especially, was strongly suppressed and occasionally disappeared after 60 min of treatment.
Relationship between the peak amplitude of ACh-, KCl-induced contracture and external Ca2+concentration Figure 5 shows the relation between external calcium concentration and peak tension of the phasic component of ACh-induced and KCl-induced contracture for 11 controls and for 14 PLC-treated preparations (7 after 30 min, and 7 after 60 min of PLC treatment). ACh-induced contracture appeared in both untreated and treated preparations, even after 60 min of PLC treatment followed by 20 min in Ca2+ -free solution, whereas the phasic component of KCl-induced contracture was completely inhibited in the absence of Ca2+ after 60 min of PLC treatment. The amplitude of contracture of preparations not treated with PLC increased with increase of Ca2+ concentration up to at least 7.5 mm-Ca2+ . After 30 min of PLC treatment the general exponential shape of the control curves was retained, but the maxima were much lower than those of the controls, and were reached at 2.5 mM-Ca2+. Similarly, after 60 min treatment, the maxima were still lower. proximated that of untreated muscle in 1.25 mM-Ca2+ concentration. The tonic components had the same general relations to the phasic components as those shown in Fig. 4 regardless of Ca2+ concentration.
Effects of PLC treatment on Ca-uptake
Ca-uptake of muscle during ACh-and KCl-induced contracture was measured before and after PLC treatment to determine whether or not this might be a contributing factor to the effects of PLC.
Before PLC treatment, there was no difference in Ca2+ uptake by controls, or preparations subjected to 5 min of ACh-or KCl-induced contracture (Fig. 6 , Untreated). When the same measurements were made after 60 min treatment with PLC, uptake was found to be 32% less in the preparation treated with ACh, and 26% higher in that treated with KCl (Fig. 6, PLC-treated) . There was, hence, no correlation between Ca uptake and contracture in preparations which were treated with PLC.
Effect of PLC on phospholipid content
It is well known that PLC hydrolizes phospholipids, especially PC, phosphatidylethanolamine (PE), and sphingomyelin. The two most prevalent phospholipid components in the pyloric region are PE and PC (Fig. 7A) . The effects of PLC on the PE and PC content in pyloric tissue are shown in Fig. 7B . The PE content decreased to 89% of the control measurement in 60 min while the PC content decreased to 82% of control in the same period.
Electron micrographs after PLC treatment Figure 8 shows electron micrographs of the control and membrane morphological damage produced by PLC. Figure 8A, untreated tissue, separated by a broad extracellular space. Membranes are continuous with some highly opaque sections (arrows). The mitochondria membrane (inset) retained both shape and membrane structure unimpaired. After 30 min of PLC treatment (Fig. 8B) , membranes suffered partial destruction (arrows), and slight conformational distortion was evident in the mitochondria. After Vol.30, No.2, 1980 60 min treatment (Fig. 8C ) the mitochondria were deformed and distended, and the cell membrane was ruptured in many places, some of which are indicated by arrows.
DISCUSSION
The present investigation verified that PLC inhibits action potential, and contraction of guinea pig stomach muscle. This is in agreement with reports by THESLEFF (1967, 1968) , by LODGE and LEACH (1973) and by ISHIYAMA et al.(1975) of effects seen in different tissues. The present report also provides some additional details and insight into the causes of the PLC effects. PLC affected Ca2+ uptake by muscle tissue, diminished phospholipid content, and ruptured cell membranes. These phenomena were irreversible after 30 min and almost total functional impairment was evident after 60 min of treatment. HURWITZ and SURIA (1971) reported that there are two storage sites of Ca: one is "sequestered Ca" which is loosely bound to surface membrane or resides in extracellular space; the other is "sequestered Ca" which is tightly bound to plasma membrane or to intracellular organelles such as SR, mitochondria and caveole. Figure 5 illustrates contracture dependence on external calcium concentration in normal conditions, which is in agreement with prior reports (BOHR, 1964; EDMAN and SCHILD, 1962) . ACh causes transient Ca2+ release from storage sites. This release is enhanced by action potential discharge (HODGSON and DANIEL, 1973) . It was reported that the phasic component of K-induced contracture was brought about by release of intracellularly stored Ca, and the tonic component was strongly dependent on Ca-influx from outside fluid (PHAFFMAN et al., 1965; URAKAWA et al., 1968) . On the other hand, IMAI and TAKEDA (1967) reported that the Ca2+ utilized for triggering and maintaining KCl-induced contracture has two origins; triggering depends on influx while maintenance depends on intracellularly stored Ca. Figure 4 indicates that, in normal calcium concentration, both phases of muscle contracture are dependent on length of exposure time to PLC. Furthermore, Fig. 5 shows that after 30 min of PLC treatment, the phasic component of contracture is limited to a level which is approximately that observed in a calcium concentration which is half of normal. Furthermore, after 60 min of exposure to PLC, the degree of phasic contracture is approximately equal to that in a calcium concentration of zero to 0.5 mM. Thus, PLC in the presence of normal calcium concentration has the same effect on contracture in 30 min as that which would be seen if the external Ca2+ were reduced by half in the absence of PLC, and in 60 min the PLC effects are equal to complete removal of Ca2+ From this, it might be concluded that PLC causes diminution of Ca2+ uptake, and to a lesser extent it may reduce or antagonize Ca2+ action within the cell.
As shown in Fig. 6 , Ca-uptake by preparations untreated with PLC was the same for both control and those subjected to ACh-, and KCl-induced contracture; but after PLC treatment, Ca-uptake decreased during 5 min of ACh-induced con-EFFECTS OF PHOSPHOLIPASE C ON STOMACH MUSCLE tracture and increased during 5 min of KCl-induced contracture. SCHATZMANN (1964) reported that no change in 45Ca uptake occurs, but Ca efflux increases in ACh-induced contracture. URAKAWA and HOLLAND (1964) reported increases in both 45Ca-uptake and total Ca content of guinea pig taenia coli in hypertonic 40 mM K medium. , however, found a decrease in 45Ca -uptake in rat uterine smooth muscle in high K/low-Na medium. These results might be explained by differences in the experimental procedures, or a variety of causes, including alteration in the extracellular space associated with contraction, and redistribution of the calcium taken up to different internal fractions during contraction. KARAKI et al.(1969) reported that no change in Ca2+ uptake occurs in the first 5 min of K-induced contracture. The methods used in the present 45Ca-uptake experiments (5 min contracture followed by 10 sec wash and blot) produced results in the controls which were in agreement with those of Karaki et al. It appears that the results of 60 min of PLC treatment seen in Fig. 6 are probably caused by enhancement of effiux during ACh-induced contracture and enhancement of influx during KCl-induced contracture. Despite the increased Ca2+ uptake during K-induced contracture, and the decreased uptake during ACh-induced contracture; the inhibitory effect of PLC is greater on Kinduced contracture than it is on ACh-induced contracture (see Figs. 4 and 5) . PAPASOVA et al.(1968) , using a pressure electrode, reported that cat stomach in vitro showed spontaneous slow waves which included sodium-dependent and calcium-dependent components. OHBA et al.(1977) reported that the slow wave in the circular muscle of the guinea pig stomach had a lower, potential-independent (first) and an upper, potential-dependent (second) component. And they concluded that the ouabainsensitive Na-K pump may not be directly involved in generating slow waves, but that some other metabolic process is involved, which is regulated to a large extent by Ca, and possibly also by Na and K.
It has been suggested that negatively charged phosphate groups of certain phospholipid molecules, acting as ion exchange sites, control the passive transport of sodium and potassium through the membrane (GOLDMAN, 1964) . MARTONOSI (1964) reported inhibition of ATPase activity and Ca2+ transport of isolated skeletal sarcoplasmic reticulum by PLC.
It is possible that an enzyme such as Ca-ATPase or Na-K ATPase is involved in slow potential generation in the longitudinal muscle of the guinea pig stomach. Therefore, it is possible that the inhibitory effect of PLC on contractility is based on enzymatic degradation of factors which control Ca2+ transport. Frequency increase of the slow potential, which was caused by PLC, could be due to depolarization.
PLC causes reduction in the phospholipid content of the tissue. Although the measured amount of reduction was less than that which was expected when considering the PLC action of the phospholipid molecule (ROSENBERG and Vol.30, No.2,CONDREA, 1968) , electron micrographs revealed substantial damage to both the plasma and mitochondria of the cell in these experiments as well as in experiments of others (ToBIAS, 1958) . The damage was directly related to duration of exposure of the tissue to PLC. It also appeared to be greater in the cell membrane than in the mitochondria membrane. It might be argued that the cell membrane damage seen in the electron micrographs is only apparent, and it actually due to low stain affinity to the diglyceride residue left by the PLC action. However, the mitochondria membrane damage seen in the inset of Fig. 8C indicates that PLC may have penetrated the plasma membrane. This could only happen if the plasma membrane was breached since the PLC molecule is too large to pass through intact membrane (ISHIYAMA et al., 1975) . It is apparent that PLC physically damages membranes which could: 1) disrupt normal Ca2+ transport through the cell membrane; 2) influence, either primarily or secondarily, transport of other essential ions such as Na+ or K+; 3) impair the physical properties of the membrane. It seems reasonable, therefore, to speculate that the PLC effects which have been observed are due to either or both; disruption of normal Ca2+ activity, and disruption of the membranes ability to support normal mechanical and electrical activity.
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